To study the influence of genomic context on transgene expression, we have determined the T-DNA structure, flanking DNA sequences, and chromosomal location of four independent transgene loci in tobacco. Two of these loci were stably expressed in the homozygous condition over many generations, whereas the other two loci became unstable after several generations of homozygosity. The stably expressed loci comprised relatively simple T-DNA arrangements that were flanked on at least one side by plant DNA containing AT-rich regions that bind to nuclear matrices in vitro. Of the unstably expressed loci, one consisted of multiple incomplete T-DNA copies, and the second contained a single intact T-DNA; in both cases, however, binary vector sequences were directly contiguous to a right T-DNA border. Fluorescence in situ hybridiration demonstrated that the two stably expressed inserts were present in the vicinity of telomeres.
INTRODUCTION
The reliable and stable expression of transgenes is a prerequisite for the successful application of gene technology to agriculture. Many investigators, however, have observed significant variability in the expression of the same transgene construct in different transformed lines. Although it is widely assumed that the flanking plant DNA sequences and chromosomal integration site can influence transgene activity, little is actually known about the specific features of plant DNA and chromosomal location that might be favorable for the stable expression of transgenes.
During the past several years, transgene silencing has received considerable attention. A variety of silencing effects, which involve either single transgene loci or interactions between unlinked loci, has been observed. Single loci that appear to be stably expressed initially can become progressively silenced over several generations, particularly when maintained in the homozygous state (Kilby et al., 1992; Neuhuber et al., 1994 marily to the genomic context ("position effects"; Peach and Velten, 1991) and/or to multiple copies of a transgene construct at a given locus (Linn et al., 1990 ). The latter effect, which has been termed "homology-dependent" (M.A. Matzke et al., 1994) or "repeat-induced" gene silencing (Assaad et al., 1993) , can also include interactions between two unlinked loci in which one transgene locus is capable of trans-inactivating a second, homologous transgene locus or a homologous endogenous gene (reviewed in Meyer and Saedler, 1996) . In several cases, trans-silencing loci have been associated with specific arrangements and/or modifications of transgenes. For example, with certain transgene constructs, inverted repeats provoke post-transcriptional silencing of unlinked homologous genes (Hobbs et al., 1993; Van Blokland et al., 1994; Jorgensen et al., 1996; Stam et al., 1997) . Transcriptional inactivation resulting from promoter homology has been associated with multicopy transgene inserts that are methylated in the promoter regions (Vaucheret, 1993; A.J.M. Matzke et al., 1994; Park et al., 1996) .
When analyzing the effects of the immediate genomic environment on transgene expression, one must also consider the potential broader impact of the genome organization of the host plant with respect to the chromosomal distribution of structural genes, the abundance, diversity, and arrangement of repetitive DNA, and the constitution of subgenomes in polyploids. Transgene silencing has been reported for diploids (e.g., Arabidopsis, petunia, tomato, rice, and Nicotiana sylvestris), autopolyploids (e.g., potato), and allopolyploids (e.g., tobacco [N. tabacum] and wheat [Srivastava et al., 1996] ) (reviewed in M.A. Matzke et al., 1994; McElroy and Brettell, 1994; Pawlowski and Somers, 1996) . These species all have distinctive genomic attributes that might influence the frequency and types of silencing effects that are observed. For example, where a transgene integrates relative to gene-rich regions or to specific classes of repetitive DMA in a particular species could affect its own expression and/ or its ability to interact with other transgenes or endogenous genes that are flanked by a member of the same repeat family. In allopolyploids, integration of transgenes into one or more constituent subgenomes could lead to silencing effects not evident in plants with less complex genomes. The repetitive character of many transgene loci that are subject to silencing might reflect how natural repeats are treated in a given species; that is, the degree to which multiple copies of transgenes or transgene loci comprising repeated elements are tolerated or modified (e.g., by methylation) could depend on the extent to which endogenous repeats had accumulated and become modified in the genome of the host plant.
To encompass all of the aforementioned aspects, analyses of transgene expression should include the determination of (1) transgene copy number and arrangement, (2) the nucleotide sequence and repetitive nature of flanking plant DMA, and (3) the chromosomal location (including, in allopolyploids, the subgenomic allocation) of the integrated transgene. Although progress has been made in assessing the influence of these parameters individually on the expression of different transgene inserts, an integrated study incorporating all of them to compare genetically well-characterized transgenic lines has not been published.
Here, we present results from such an analysis with four transgenic tobacco lines that contained the same construct integrated into distinct chromosomal locations but that exhibited differences in the stability of transgene expression. In two of the lines, the transgene insert was stably expressed in the homozygous condition for many generations, whereas in the other two, marked instability of expression was displayed after several generations of homozygosity. Results are also presented on stability of transgene expression in F! progeny of intercrosses among the four lines and on the susceptibility of each transgene locus to inactivation in the presence of a frans-silencing locus.
RESULTS

Transgenic Lines
The H transgene construct used in this study (Figure 1 ) is composed of two chimeric marker genes: one gene (hpt) encodes resistance to hygromycin, and the second gene (cat) encodes chloramphenicol acetyltransferase activity. Both coding sequences were under the control of the 35S promoter of cauliflower mosaic virus. The H construct also contained at the left border a (i-glucuronidase (gus) coding sequence adjacent to a minimal 35S promoter (35Spro). Transgenic plants could be screened for GUS activity to determine whether general transcriptional enhancers were present in flanking plant DMA. A final feature of the construct was an Escherichia coli origin of replication from pBR325 that permitted rescue cloning of the transgene inserts together with some flanking plant DNA.
The expression and inheritance of the hpt and cat genes in four independent transgenic tobacco lines have been described previously (Neuhuber et al., 1994; Matzke and Matzke, 1996) . Although initially these lines had been retained for further analysis because they each appeared to contain a single active T-DNA locus, cultivation for several generations as homozygotes revealed differences in the stability of expression of the hpt and cat genes. In two lines, H9 and H83, stable expression of both genes was observed in sexual progeny for up to eight selfed generations and in all plants regenerated from single cells of leaves. Moreover, the The H construct consists of a T-DNA left border (LB); a (3-glucuronidase (GUS) coding sequence under the control of 35Spro; a bacterial selection marker (KAN[b] ); a bacterial origin of replication (ORI); genes encoding resistance to hygromycin (HYG) and chloramphenicol acetyltransferase activity (CAT), both under the control of a 35S promoter (hatched region); a split nopaline synthase gene (unlabeled white boxes); and a T-DNA right border (RB). T-DNA border analysis was performed using EcoRV (V) and EcoRI (E), which cut in the T-DNA (the second sites were in plant flanking DNA). Internal HYG and CAT fragments were detected by using BamHI (B) or Kpnl (K), respectively. Probes are indicated by the dark bars above the map.
H9 and H83 parental plants and their progeny contained detectable GUS activity in leaves (data not shown).
In contrast, the expression of the bpt and cat genes in the other two lines, H11 and H59, became progressively unstable after severa1 generations of homozygosity. In addition, the H59 parental plant and its progeny were GUS-negative (H11 did not have an intact gus gene). Consequently, strong hygromycin resistance was obtained most frequently in backcrosses to untransformed tobacco when the two "epialleles" segregated away from each other. The homozygous H11 line initially produced 100% hygromycin-resistant progeny, which subsequently turned yellow and died 6 to 8 weeks after germination on selection medium. Regeneration from single cells of leaves yielded plants that had one of three possible epigenotypes, HH, HW, and H*H*, suggesting that leaves developed over time into epigenetic mosaics (Neuhuber et al., 1994; Matzke and Matzke, 1996) . The demise of seedlings after 6 to 8 weeks on hygromycin-containing medium was presumably the result of a preponderance of HW and WW epigenotypes. In contrast to the H59 lhe, the inactive H* allele in the H11 line was not transmitted sexually; that is, the W allele was only recovered from regenerated plants in which it was then meiotically heritable for at least two generations. The meiotic heritability of the silenced W alleles and the increased promoter methylation of the bpt gene are consistent with transcriptional silencing (Neuhuber et al., 1994; Matzke and Matzke, 1996) . 
H9
The simplest T-DNA structure was observed with the stably expressed line H9, which contained (as predicted from the border analysis) a single copy of the H construct bounded by nearly complete left (-4 bp) and right (-2 bp) T-DNA border sequences (Figure 3 ). This relatively normal configuration was slightly complicated by a partial duplication (20 bp) of right border sequences adjacent to the left T-DNA border. Contained within this 20 bp was 6 bp of sequence homologous to plant DNA at the target site (AGTTTA) ( - Theoretical left and right T-DNA borders based on the VirD2 nicking site (arrows) (Tinland and Hohn, 1995) 
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H83
The stably expressed H83 lhe, which had two left and two right border fragments, according to the DNA gel blots, was found to contain one intact copy of the H construct together with a largely truncated second copy and three borderless fragments from the T-DNA or binary vector that were interspersed with putative plant DNA ( Figure 2 ). The intact copy of the H construct was bounded by partia1 T-DNA border sequences: the first left border lacked 20 bp relative to theoretical sequence, and the right border lacked 3 bp ( Figure 3 ).
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To the right of the intact T-DNA copy was 74 bp of filler DNA of unknown origin, followed by a second left T-DNA border (also missing 20 bp, as was found with the first left border) and a T-DNA sequence extending only 160 bp into the gus coding sequence, which then broke off and led into a 24-bp DNA fragment of unknown origin, 814 bp of binary vector sequence, 492 bp of (presumably) plant DNA, and 30 bp of the 35Spro plus 96 bp of the gus coding sequence (Figure 2 and data not shown). These fragments of the H construct, which were not associated with T-DNA borders, were followed bỹ 3.2 kb of uninterrupted plant DNA. As shown in Figure 6 , this sequence contains a putative open reading frame that encodes a polypeptide with significant amino acid similarity to the integrase region of several retroelements.
In addition to the -3.2 kb of plant DNA to the right of the entire complex T-DNA insert, ~7.4 kb of plant DNA to the left was sequenced. Figure 7 shows an -1.8-kb flanking sequence directly adjacent to the T-DNA left border; this sequence contains three AT-rich regions. Two restriction enzyme fragments (2.2 and 2.9 kb) comprising these regions bound to tobacco nuclear matrices in vitro ( Figure 5 ). Extensive similarity to known sequences was not found in left flanking DNA.
Although several different primers were tested, the T-DNA target site in the H83 line could not be recovered from untransformed tobacco. This was possibly due to postintegration scrambling of multiple T-DNA copies and associated plant DNA, as suggested by the presence of borderless T-DNA fragments to the right of the intact copy.
H59
As expected from the border analysis, the unstable H59 line contained a single intact copy of T-DNA. Although the left border (shortened by 32 bp from the expected sequence; Figure 3 ) was fused to plant DNA (681 bp of which were recovered and sequenced; data not shown), the right T-DNA border led directly into binary vector sequences (of whicĥ 1800 bp were present in the rescue clone) (Figure 2 ). The plant DNA to the left, which consisted of previously unreported sequences, comprised two microsatellites: (AAAG) 5 and (AAT) 12 (Figure 2 ). We have not yet been able to obtain a rescue clone of this locus that contains plant DNA to the right.
H11
As suggested by the border analysis, the second unstable line (H11) harbored a complex transgene locus that comprised at least three truncated T-DNA copies (Figure 2 ). Although one rescue clone and one X clone containing partial T-DNA copies were recovered from this line, we were unable to piece together the complete structure of the H11 locus. Two of the three truncated T-DNAs were adjacent to binary vector sequences, although in only one case were these T indicates total end-labeled fragments derived from rescue clones containing the H9 and H83 loci (doubly digested with Munl-EcoRV and Xbal-Hindlll, respectively; see Methods) before incubating with tobacco nuclear matrices. After incubation and centrifugation, specific fragments of ~640 bp (H9) and 2.2 and 2.9 kb (H83) partition more completely with the matrix preparation in the pellet (P) (arrowheads), identifying these fragments as MARs. Their positions relative to the respective T-DNAs are shown in Figure 2 and in the DNA sequences shown in Figures 4 (H9) and 7 (H83). S, supernatant containing unbound fragments.
vector sequences directly contiguous with a standard right T-DNA border sequence (Figure 2 ). Extensive flanking plant DNA was not obtained in either the rescue clone or X clone, although 685 bp of putative plant DNA that was present between the binary vector sequence to the left and pBR325 (i.e., T-DNA) sequences to the right (Figure 2 , H17-b) was recovered and sequenced; noteworthy features were absent (data not shown). An unambigous sequence from the left flanking plant DNA (Figure 2, H11-a) could not be obtained with the T-DNA primers tested, presumably because of sequence duplications elsewhere in the clone.
T-DNA Chromosomal Location, Subgenomic Allocation, and Species Specificity of Flanking Plant DNA
To characterize further the genomic environment of the four transgene loci, we examined two aspects. First, fluorescent and genomic in situ hybridization (FISH/GISH) were used to establish, respectively, the chromosomal location of the transgene insert and its subgenomic allocation (N. tabacum Okamuro and Goldberg, 1985; Parokonny and Kenton, 1995) . Second, to investigate the possible repetitiveness and species specificity of the flanking plant DNA sequences, the rescue clones containing left and right flanking sequences were Sequence a is right flanking plant DNA of H83 (H83R), nucleotides 1 to 400; sequence b is flanking plant DNA of a K locus, nucleotides 3456 to 3926 ; EMBL accession number 271319). The most significant similarity was found to sequence c, the upstream region of the tobacco defense-related pseudogene 246N1 (Froissard et al., 1994 ; PIR protein database accession number S47444). These sequences are also highly homologous to the integrase region of the Pol polyprotein of a number of different retrotransposon sequences, the most similar being the Osvaldo retrotransposon and Tn472, both from Drosophila. Tn472 is shown in sequence d (Swiss-Prot accession number P10394). Sequences a to c are not highly homologous to tobacco retrotransposon Tntl. ldentical amino acid residues are shown as white letters on a black bac kg rou nd.
used as probes on blots containing DNA isolated from tobacco, N. sylvestris, and N. tomentosiformis.
As shown in Figure 8 , many of the flanking plant DNA regions produced hybridization patterns characteristic of dispersed, moderately repetitive sequences, that is, smears occasionally overlaid by some bands. With respect to species specificity of the dispersed repeats, severa1 variations were observed. When a rescue clone containing -500 bp of left flanking DNA from the stably expressed H9 locus was used as a probe, comparable signals were observed in all three species (Figure 8, H9L) . When a second rescue clone containing an additional 2.6 kb of plant DNA to the left and -460 bp to the right of the H9 insert was used as a probe, signals of similar intensity were again observed in all three species, although this probe also hybridized with a tandem repeat (ladderlike pattern) that was enriched in the S subgenome but not found in any of our H9 rescue clone sequences (Figure 8, H9R +L) . FISH/GISH demonstrated that the H9 locus is near the long arm telomere of a subtelocentric chromosome from the T subgenome, T3 (Figure 9 , H9, and Figure 1 O) . Moderately repetitive dispersed DNA that was common to all three species ("species mixed") thus appeared to surround the H9 locus; some copies of this sequence were apparently connected to a tandemly repeated region that was present primarily in the S subgenome.
A different pattern was observed with H59. Unlike the species-mixed dispersed repeats that surrounded the stable H9 locus, the 681 bp of left flanking plant DNA of the unstably expressed H59 locus hybridized with moderately repetitive dispersed sequences that were enriched in the N.
tomentosiformis subgenome (Figure 8, H59L) . The FISH/ GlSH analysis, however, indicated that the H59 locus was present in an intercalary region of the long arm of a subtelocentric chromosome from the S subgenome, S1 l/t2 ( Figure   9 , H59, and Figure 10 ). The H59 insert was thus flanked on the left by "species-incompatible" moderately repetitive plant DNA (in this study, we define a T subgenome-enriched repeat that is present on an ancestral N. sylvestris chromosome as species incompatible) and directly contiguous binary vector sequences on the right (these produced weak hybridization signals on the plant DNA blots; Figure 8, H59R) .
One of the few examples from the four lines of flanking plant DNA that appeared to be of relatively low copy number was in the left flanking region of the stably expressed H83 locus (Figure 8, H83L) . The plant DNA to the right of the H83 insert was moderately repetitive. Although a signal was observed in all three species, two bands were enriched in the N. tomentosiformis genome (Figure 8, H83R ). This DNA gel blot pattern was virtually identical to that obtained with the plant DNA adjacent to a T-DNA insert analyzed in a separate study I. Papp and A.J.M. Matzke, unpub- lished results) and was almost certainly due to the retroelement remnant present in both flanking DNA sequences (Figure 6 ), which otherwise shared no additional similarity over -2 kb. The FISH/GISH analysis localized the H83 insert in the vicinity of a telomere on a small metacentric chromosome from the T subgenome, T9/t3 (Figure 9 , H83, and Figure 1 O) . The stably expressed H83 insert was thus adjacent to a "species-compatible" repeat (this term is used here to refer to a T subgenome-enriched sequence that is present on a chromosome from the T subgenome).
The unstably expressed locus H7 7 was present in a paracentromeric location on a small metacentric or submetacentric chromosome from the T subgenome (Figure 9, H77 ).
Because this chromosome was one of three from the tobacco (cultivar SR1) karyotype that contained no additional markers for identification , we could not ascertain whether it was T5, T8, or T12 (Figure 10 ). DNA gel blots were probed with the rescue clone (H11-a) and the X. clone (H17-b) (Figure 2) . Both probes produced a speciesmixed pattern, with H11-a appearing to be moderately repetitive and H11-b of relatively low copy number (Figure 8 ).
Intercrosses
To determine whether the unstable loci (H11 and H59) could influence the expression of the stably expressed loci (H9 and H83) and whether the stably expressed loci would remain so when combined in a single genome, intercrosses between all four homozygous lines were made, and FI This fragment of plant DNA, which is directly adjacent to the H83 left T-DNA border (white arrowhead, third line from bottom; see also Figure 2 ) contains three AT-rich (>75%) regions (white letters on black background). The Xbal site used in the matrix binding assay is underlined (12 lines from bottom); Hindlll sites also used in the assay are farther upstream and downstream in plant DNA and T-DNA, respectively (data not shown). An Xbal-Hindlll double digest of the H83 rescue clone generated fragments of 2.9 and 2.2 kb that bound to tobacco nuclear matrices in vitro ( Figure 5 ). T-DNA right border sequences are in lowercase letters. The EMBL accession number for theH83MARisY12533. (Figure 2 ). H9L consists of ~500 bp directly adjacent to the left T-DNA border; H9R + L contains this region plus an additional ~2.5 kb of the left flanking plant DNA and 457 bp of the right flanking DNA (i.e., the entire H9 target site; Figure 4) . The positions of H7 7-a and H11-b relative to the T-DNA copies at the H11 locus are shown in Figure 2 . Arrows in H83R indicate bands enriched in the N. tomentosiformis fraction of the genome; these arise from a retroelement pol remnant, because a virtually identical pattern was seen when the probe was either flanking DNA isolated by Papp et al. (1996) or a tobacco repeat isolated by Kuhrova et al. (1991) -both of which also contain the pol sequence (Figure 6 and A.J.M. Matzke, unpublished results) . This retroelement remnant is present in ~1000 copies per haploid tobacco genome (Kuhrova et al., 1991) . Based on similar hybridization intensities with comparably labeled flanking plant DNA probes, we estimate that the other repeats shown here are also present in ~1000 copies per haploid tobacco genome. Orange-red fluorescent spots indicate hybridization to the biotin-labeled H construct probe specific for the transgene insert, and green fluorescence indicates hybridization to the digoxigenin-labeled genomic DNA probes of N. sylvestris (S subgenome) (H9 and H83 plants) or N. otophora (T subgenome) (H11 and H59 plants). Unlabeled chromatin, which does not fluoresce, appears brown. Arrows indicate the location of the transgene insert. Cross-hybridization of the N. sylvestris or N. otophora genomic probes to T3 (in H9) or S11/12 (in H59) nucleolus organizing regions, respectively, is shown by arrowheads. Green segments not indicated in the chromosomes carrying the transgene inserts S11/t2 (in H59) and T9/ t3 (in H83) are intergenomic translocations (Figure 10 ). Bar = 10 |xm. seeds were sown on medium containing increasing concentrations of hygromycin. Although some weakening of the stable loci in the presence of one of the unstable loci was observed in F, progeny, this silencing was not dramatic; F, progeny from these intercrosses were still moderately resistant to hygromycin. When hybrid lines were selfed, the silencing was slightly enhanced (presumably in seedlings homozygous for the transgene loci); however, complete silencing of H9 and H83 in the presence of either H7 7 or H59 was never observed. Progeny of H9 x H83 crosses continued to stably express the hpt gene, as indicated by the undiminished strength of hygromycin resistance of F, seedlings (data not shown).
Crosses to the 271 Silencing Locus
The four H loci were also tested for activity in the presence of the multipurpose silencing locus 277. This locus is able to transcriptionally inactivate genes under the control of the 35s and 19s promoters of cauliflower mosaic virus as well as silence endogenous nitrite reductase genes of tobacco via a post-transcriptional process (Vaucheret, 1993; . It has previously been localized to the long arm telomere of a tobacco chromosome from the T subgenome, T3 ; Figure 10 ). The poor hygromycin resistance conferred by the 35Spro-hpt gene at the two unstable loci, H7 1 and H59, was further weakened in the presente of 277 in newly germinated F, seedlings. In contrast, the H9 and H83 loci displayed reductions in hpt gene activity only after 6 to 8 weeks, manifested by mottling and yellowing of F, seedlings, which eventually died if maintained further on hygromycin-containing medium (data not shown).
DlSCUSSlON
To study the influence of genomic context on transgene expression, we have determined the T-DNA structure, sequence of flanking plant DNA, and chromosomal integration site of four independent transgene loci in tobacco. Although similar analyses on additional transgenic lines are required before we can draw solid conclusions, the data obtained thus far provide a remarkably consistent picture. As summarized in Table 1 , the two stably expressed transgene loci (H9 and H83) contained one intact copy of the T-DNA construct with no contiguous binary vector sequences and were present in the vicinity of telomeres. They were also flanked on at least one side by plant DNA that (1) could act as a transcriptional enhancer (as indicated by a GUS-positive phenotype), (2) contained long (-0.5-to 1-kb) AT-rich regions that behaved as matrix atttachment regions (MARs) in vitro, and (3) was either of low copy or related to speciescompatible or species-mixed moderately repetitive dispersed sequences.
In contrast, although the unstably expressed loci (H59 and H77) were found to contain either a single intact copy or multiple truncated copies of the H construct, respectively, both comprised binary vector sequences that were directly contiguous with a right T-DNA border. In addition, both inserts occupied chromosomal sites that were distant from the ends of chromosome arms (intercalary in the case of H59 and paracentromeric in the case of H77). Finally, the GUS-negative phenotype of line H59 indicated the absence of enhancer elements in lefl flanking plant DNA, which was of a species-incompatible moderately repetitive type (Table 1) .
T-DNA Copy Number and Configuration
Previous studies have established that single copies of transgenes tend to be more stably expressed than are multicopy or scrambled inserts (Meyer and Saedler, 1996) . Although our data generally support these former results, factors other than T-DNA copy number are clearly involved.
The unstable expression of the single T-DNA copy in the H59 line might have resulted from several features of the genomic context: flanking sequences that could be considered foreign (contiguous binary vector to the right and a speciesincompatible repeat to the left) and the intercalary chromosoma1 location, which was distant from the gene-rich ends of chromosome arms (see below). The stable expression of the H83 insert, despite the presence of several T-DNA and binary Black and white areas indicate S and T subgenomes, respectively. Four intergenomic translocations are present (S2/tl, S1 l/t2, T9/t3, and T11/t4). Dotted regions show rDNA loci (S10, S11/t2, S12, and T3), two of them active in nucleolus formation (S10 and T3). Transgene inserts localized so far by FISH/GISH include the four H loci described in this article (H9, H17, H59, and H83), the 277 transsilencing locus , and a K locus . H11 could be on T5, T8, or T12 (indicated by Hll?), which are the only three N. tabacum (cv Petit Havana SR1) chromosomes that do not have a distinctive morphology or other physical marker . A species-incompatible repeat as defined in this article refers to a copy of a T-enriched repeat present on a chromosome from the S subgenome (e.g., H59); a species-compatible repeat refers to a copy of a T-enriched repeat on a chromosome from the T subgenome (e.g., H83). BV, binary vector sequences; ?, not known. MAR, matrix attachment region; ?, presence of motifs not known because flanking plant DNA was not recovered in rescue clones; pol region, retroelement remnant. CThe plus and minus signs refer, respectively, to the presence or absence of binary vector sequences that are contiguous with a right T-DNA border (see also Figure 2 ). d A plus sign indicates that a plant and its progeny contained GUS activity in leaves; a minus sign indicates no GUS activity. eChromosome numbers refer to those from the T and S subgenomes, as indicated in the karyotypic diagram of N. tabacum chromosomes shown in Figure 1 O. vector fragments, was presumably due to the single intact T-DNA copy that was flanked by relatively complete border sequences leading directly on both sides into plant DNA.
The sequences of T-DNA-plant DNA junction fragments and the target site sequence from line H9 confirm features of T-DNA fine structure that have been obtained from previous studies of T-DNA integration events (reviewed in Koncz et al., 1994; Tinland, 1996) . The right T-DNA borders were better conserved (compared with the theoretical expectation based on the VirD2 nicking site) than were the left ones (Tinland and Hohn,1995) . In line H9, the 6 bp of homologous sequence between plant DNA directly at the site of insertion and a short region outside of the left T-DNA border (consisting, in this case, of right T-DNA border sequences that were fused to the left border) is consistent with the short patches of plant DNA and T-DNA homology (7 to 14 bp) found for a number of other T-DNA integration events (Matsumoto et al., 1990; Ohba et al., 1995; Tinland, 1996) .
The presence of binary vector (non-T-DNA) sequences directly contiguous with a right T-DNA border was found in both of the unstably expressed lines H11 and H59. Binary vector sequences appear to be transferred relatively frequently into plant genomes, at least as assessed by DNA gel blot experiments (Martineau et al., 1994; Ramanathan and Veluthambi, 1995; Cluster et al., 1996) . These previous studies have not addressed whether these binary vector sequences are actually continuous with 1-DNA or whether they affect the expression of adjacent transgenes. A recent cloning and sequencing study revealed T-DNA inserts that led continuously from the right border into a complete copy of the binary vector (Van der Graaff et al., 1996) .
Chromosomal Location
The stably active inserts H9 and H83 were found adjacent to telomeres. T-DNA might preferentially integrate close to telomeres, as other recent FlSH studies have suggested (Wang et al., 1995; ten Hoopen et al., 1996) . The dista1 ends of chromosome arms contain high concentrations of genes in wheat (Gil1 et al., 1993) , maize (Bernardi, 1995) , and humans (Saccone et al., 1992) . Although a (sub)telomeric location of stably expressed transgene loci might seem inconsistent with previous data showing that methylated trans-silencing loci were present at chromosome ends (A.J.M. Matzke et al., 1994; , a distinction must be made between cytogenetic and molecular resolution. The H9 and H83 loci were obviously not integrated into telomeres, as indicated by the absence of recognizable telomeric repeats in the flanking plant DNA. In contrast, a preliminary analysis of plant DNA in a cosmid clone comprising the H2 trans-silencing locus has revealed the presence of a high-copy-number tandemly repeated sequence (J. Jakowitsch, I. Papp, and A.J.M. Matzke, unpublished results) . Such tandem ar-rays are found predominantly in subtelomeric and centromeric blocks of heterochromatin.
The unstably expressed loci H59 and H11 occupied intercalary and paracentromeric sites, respectively, and thus were remote from the gene-rich domains close to telomeres. Mosaically expressed transgenes have been localized close to centromeres in mice (Dobie et al., 1996 (Dobie et al., , 1997 and in fission yeast (Allshire et al., 1994) . These results are consistent with the mosaic expression of the paracentromeric H7 1 locus (Neuhuber et al., 1994) .
Taking into account two other transgene loci that we have localized previously by FISH/GISH on tobacco chromosomes (summarized in Figure lO) , it is clear that both the S and T subgenomes are equally susceptible targets for T-DNA integration. At least some ability to trans-silence across constituent subgenomes is suggested by the observation that the trans-silencing 277 locus on chromosome T3 further weakens the activity of the unstable H59 insert on chromosome S1 l/t2.
Flanking Plant DNA
As demonstrated by a GUS-positive phenotype of H9 and H83 plants, the left flanking plant DNA of the respective T-DNA inserts contained transcriptional enhancers; in contrast, the H59 plant was GUS-negative, indicating the lack of enhancer elements in left flanking plant DNA at this locus. T-DNA often integrates adjacent to enhancer elements-as evidenced by the fact that transcriptional fusions between promoterless marker genes and plant promoters occur with a frequency of 30%-or in AT-rich domains (reviewed in Tinland and Hohn, 1995) . Both of the stably expressed H9
and H83 inserts were flanked on the left by AT-rich regions. In the case of H9, this included two runs of the dinucleotide AT. Sequences rich in AT have been shown previously to activate reporter genes from a 35Spro (Bustos et al., 1989) . The GUS-negative phenotype of the unstably expressed H59 locus, despite the presence of an adjacent (AAT),2 microsatellite, might have resulted from the presence of a second microsatellite sequence, (AAAG),, because GNCT-rich sequences in Drosophila have been associated with heterochromatic regions (Raff et al., 1994) .
Significantly longer (0.5-to 1 -kb) AT-rich regions, which behaved as MARs in vitro, were found in left flanking DNA of both of the stably expressed loci, H9 and H83. Although the H83 MAR was directly adjacent to the T-DNA, the H9 MAR was separated from the T-DNA left border by -2.5 kb, which comprised, however, two AT microsatellites. In only one other study (from petunia) has a T-DNA been found integrated adjacent to a genuine endogenous MAR (Dietz et al., 1994) . Although no published data are yet available for the number or frequency of MARs in the tobacco genome, it is noteworthy that the proximity of MARs correlated completely with the two stably expressed loci. Despite their possible role in promoting the stable expression of the individual H loci, the adjacent MARs did not completely protect H9 and H83 from some degree of trans-silencing by the 271 locus. We cannot rule out the possibility that MARs would have been found relatively close to the unstably expressed H17 and H59 loci if more flanking plant DNA had been recovered and analyzed, although the GUS-negative phenotype of H59 argues against this possibility.
Much of the flanking plant DNA that we recovered appeared -from the DNA gel blot analysis-to contain moderately repetitive dispersed sequences, which presurnably consist of retrotransposons or their degenerate remains (Bennetzen, 1996) . In only one case (H83R), however, were we able to obtain sequence data confirming the presence of a retroelement remnant. Sequences related to this particular retroelement remnant, which was not highly homologous to the best characterized tobacco retrotransposon Tntl (Grandbastien, 1992) , have also been found in the flanking plant DNA of another T-DNA insert analyzed previously (this study; Papp et al., 1996) . in the 5' flanking region of a tobacco defense-related pseudogene (Froissard et al. 1994) , and as part of the moderately repetitive sequence R8.3, reported to be present in the N. tomentosiformis component of the tobacco genome (Kuhrová et al., 1991; A.J.M. Matzke, unpublished results) . This retroelement remnant appears to be relatively abundant in the tobacco genome; a previous copy number estimate is -1 O00 copies per haploid tobacco genome (Kuhrová et al., 1991) . The apparent enrichment of this element in the T subgenome could have been due to either preferential amplification of the ancestral transposon in N. tomentosiformis or more rapid sequence divergence in N. sylvestris. A third possibility is that a T-specific retroelement infiltrated the S subgenome after polyploid formation but did not amplify there to the same extent as in the T subgenome. Although molecular evidence for local S-T interchange has been reported previously for a tobacco glucanase gene (Sperisen et al., 1991) , the different base compositions of the two diploid ancestral genomes of tobacco indicate that extensive recombination between the two genomes has not occurred (Matassi et al., 1991) . Although more data are needed, it is conceivable that the stability of transgene expression in allopolyploids can be differentially influenced by the proximity of moderately repetitive sequences that are preferentially enriched in one subgenome.
The pervasiveness of diverse repeats in the tobacco DNA flanking the H transgene inserts is reminiscent of the genomic environment of a maize alcohol dehydrogenase gene, which is embedded in a mosaic of highly and moderately repetitive sequences with MARs at the boundary of the repeated regions (Avramova et al., 1995; SanMiguel et al., 1996) . Additional work is required to determine how transgenes that are integrated into such complex genomes are influenced by different types of repeats.
Severa1 T-DNA inserts have been found in highly repetitive tobacco DNA specific to the T subgenome (Suter-Crazzolara et al., 1995) , although no cytogenetic data or information on the stability of T-DNA expression were presented. The plant DNA sequences at the integration sites of three T-DNA inserts in petunia have also been studied: one inactive T-DNA was present in a highly repetitive region, whereas two expressed loci were integrated into low-copy AT-rich regions (Prols and Meyer, 1992) . The chromosomal locations of these T-DNAs were not reported.
Strategies for Avoiding Transgene Silencing
lntact copies of T-DNAs that are not associated with foreign DNA sequences appear to be favorable for preventing the type of silencing that we have studied (transcriptional inactivation associated with increased methylation). Sequences recognized as foreign might include prokaryotic vector DNA that joins T-DNA and plant DNA and, in allopolyploids, "alien" repeats that have infiltrated a different subgenome. Flanking transgene constructs with MAR sequences probably improves chances for stable expression (Mlynárová et al., 1996; Spiker and Thompson, 1996) , but they will not necessarily protect fully from trans-silencing. Although it is not yet possible to target genes to subtelomeric or gene-rich compartments, including an enhancerless gus gene at a T-DNA border would allow screening for integration into actively transcribed regions. lntercalary and centromeric chromosomal locations do not appear optimal for obtaining stable expression. It should also be emphasized that silencing resulting from post-transcriptional RNA turnover induced by high levels of transcription (Elmayan and Vaucheret, 1996) presumably requires different strategies for avoidance.
Apart from the issue of minimizing unwanted silencing, transgene technology provides a powerful approach for probing the influence of genome organization and repetitive DNA on gene expression and for studying the factors that alter gene activity in the course of genome evolution, such as after polyploid formation. This is also illustrated by a recent report describing enhanced epigenetic silencing of a transgene locus in newly formed triploid Arabidopsis (Mittelsten Scheid et al., 1996) .
METHODS
Recovety of T-DNA lnserts and Flanking DNA
For rescue cloning, 2 )*g of genomic DNA isolated from each plant line was digested with an appropriate restriction enzyme, ligated, and used to transform electroporation-competent cells (Epicurian Coli XL1-Blue; Stratagene) by using an Escherichia coli Pulsar unit (Bio-Rad), following the manufacturer's instructions. The restriction enzymes that allowed recovery of the following left and right flanking DNAs from each line are as follows: H9L, EcoRI; H9L+R, Blnl; H77-a, Blnl-Spel; H59L, EcoRI; H59R, Mlul; H83L, Clal; and H83R, Blnl.
In addition to the Blnl rescue clone obtained from line H1 1 , a A clone containing plant DNA (region H77-b) and surrounding T-DNA fragments ( Figure 2 ) was isolated from a A phage library, which was constructed using a Lambda FIX II/Xhol partia1 fill-in vector kit and a Gigapack 111 gold packaging extract (both from Stratagene).
DNA Gel Blots
DNA gel blot analysis was petformed as described by Papp et al. (1996) . As probes, plasmids containing the appropriate left or right flanking DNA recovered in the rescue or A clones (in the case of H17-b)
were labeled with phosphorus-32 by using an Amersham Multiprime kit (model RPN 16002). Hybridization and washing were petformed under moderately stringent conditions (3 X SSC [l X SSC is 0.15 M NaCI, 0.015 M sodium citrate] at 65°C).
Nucleotide Sequence Analysis
Nucleotide sequences were determined using either a Sequenase kit (version 2.0; United States Biochemical Corp.) or a ThermoSequenase cycle sequencing kit (Amersham) using infrared-labeled primers obtained from MWG-Biotech (Ebersberg, Germany) and run on a LI-COR (Omaha, NE) DNA sequencing system. Programs from the GCG and EGCG program packages of the Genetics Computer Group (Madison, WI) were used for pairwise and multiple sequence alignments (GAP, PILEUP, and PRE'TP/ BOX). Database searches were performed by the BIAST algorithm (Altschul et al., 1990 ).
Tobacco Nuclear Matrix lsolation and Binding Assay
Nuclear matrices were isolated from tobacco NT-1 cells, and matrix binding assays were performed as described by Hall and Spiker (1994) . The DNAs tested consisted of the entire H9 Blnl rescue clone digested with EcoRV and Munl and the entire H83 Blnl rescue clone digested with Xbal and Hindlll. These enzyme combinations were chosen so that the resulting 5' ends could be labeled efficiently with phosphorus-32. The H9 and H83 rescue clones contained right and left flanking plant DNA in addition to the entire T-DNA region. These rescue clones were analyzed because sequencing revealed that the plant DNA flanking the T-DNA inserts contained extended AT-rich regions (Figures 4 and 7) . (Such regions were not found in the plant DNA that was recovered from the unstably expressing lines; therefore, this DNA was not tested for matrix binding ability.) Any fragments from the H9 and H83 rescue clones that did not partition more completely in the pellet fractions served as interna1 controls.
Cytogenetics
Combined fluorescent and genomic in situ hybridization (FISH/GISH) was performed exactly as described previously . For probes to detect the transgene inserts (FISH), a binary vector containing the H construct was used; for the GlSH analysis, total genomic DNA isolated from either Nicotiana syhestris or N. otophora was used to identify the S or T subgenome, respectively. N. otophora DNA was used for the T subgenome because it produced a more uniform pattern of fluorescence than did N. tomentosiformis DNA.
